Recent r e s u l t s which may lead t o improvements of t h e passive rubidium frequency standards a r e discussed. The problem of t h e l i g h t s h i f t i s examined i n r e l a t i o n t o t h e hyperfine f i l t e r i n g technique used. The power s h i f t and t h e b u f f e r gas s h i f t a r e discussed. Results on t h e use of a w a l l coating a r e reported. F i n a l l y , t h e f r equency s t a b i l i t y r e a l i z a b l e is examined.
Introduction
The passive rubidium frequency standard is, among atomic frequency standards, t h e system t h a t has probably received most a t t e n t i o n .
It has been t h e s u b j e c t of i n t e n s i v e research and development. I n f a c t , i t s c h a r a c t e r i s t i c s a r e such t h a t it i s one of t h e most u s e f u l l frequency standards where s i z e , r e l i a b i l i t y and moderate frequency s t a b i l i t y i s desired. Its p r i n c i p a l f i e l d s of a p p l i c a t i o n a r e navigation, communication and general laboratory use. S t i l l today t h e r e i s continuous e f f o r t e i t h e r t o reduce i t s s i z e C l 1 o r t o improve i t s c h a r a c t e r i s t i c s C2,31.
Various avenues have been seeked i n order t o a c h i eve these goals. Some of those have r e s u l t e d i n p r a c t i c a l systems while o t h e r s have only been studied i n t h e laboratory.
I n t h e present paper, we would l i k e t o examine v a r i o u s approaches. We w i l l f i r s t d i s c u s s and compare t h e techniques of separated and i n t e g r a t e d hyperfine f i l t e r i n g . I n t h a t f i r s t s e c t i o n , we w i l l cover t h e important question of t h e l i g h t s h i f t . Secondly, we w i l l examine t h e techniques of pulse and l a s e r o p t i c a l pumping. Thirdly, t h e question of t h e b u f f e r gas s h i f t and of the i n t e r r o g a t i n g power s h i f t w i l l b e addressed; along t h e s e l i n e s , r e s u l t s on t h e w a l l coating technique w i l l b e r e p o r t e d . F i n a l l y , t h e frequency s t a b i l i t y r e a l i z a b l e i n p r a c t i c e w i l l be discussed.
P r i n c i p l e s of operation
A block diagram of t h e rubidium clock i s shown i n f i g u r e 1. The system i s composed e s s e n t i a l l y of an o p t i c a l package giving a frequency r e f e r e n c e , and a frequency lock loop f o r locking t h e frequency of a c r y s t a l o s c i l l a t o r t o t h e o p t i c a l package reference. The supporting e l e c t r o n i c s , such a s temperature r e g u l a t o r s , a r e not shown i n f i g u r e 1. The o p t i c a l package c o n s i s t s of a ~b *~ lamp, a ~b~~ hyperfine f i l t e r , a ~b~~ absorption c e l l , a microwave c a v i t y and a photodetector. A solenord i s used t o c r e a t e a weak magnetic f i e l d and a few l a y e r s of concentric magnetic s h i e l d s a r e used t o a t t e n u a t e t h e e f f e c t of e x t e r n a l magnetic f i e l d f l u c t u a t i o n s .
The system works i n t h e following way. Light from t h e rubidium 87 lamp, f i l t ered by t h e rubidium 85 f i l t e r , f a l l s on t h e absorption c e l l containing rubidium 87 and a buffer gas. The lamp c o n s i s t s of a small g l a s s envelope approximatly 1 cm i n diameter, containing about 1 mg of ~b~~ and krypton a t a pressure of 2 t o r r . It i s excited by an o s c i l l a t o r d e l i v e r i n g a power of t h e order of one watt a t a frequency of 100 MHz. It i s heated t o a temperature around 125 OC.
The spectrum of t h e l i g h t
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JOURNAL DE PHYSIQUE emitted by t h e lamp c o n s i s t s mostly of t h e DL and D2 l i n e s c h a r a c t e r i s t i c of a l k a l i atoms. The wavelenghts a r e :
The energy l e v e l s involved i n the t r a n s i t i o n s c r e a t i n g those l i n e s a r e i l l u s t r a t e d i n f i g u r e 2. Each of t h e l i n e s c o n s i s t s of s e v e r a l l i n e s created by t h e hyperfine s t r u c t u r e of e i t h e r t h e ground s t a t e o r of t h e excited s t a t e . The hyperfine s p l i tt i n g i n t h e excited s t a t e i s not l a r g e and i s normally masked by Doppler broadening, which i s of t h e order of 500 Emz. The hyperfine s p l i t t i n g of t h e ground s t a t e , however, i s 6.8 GHz and t h e resonance l i n e s a r e w e l l resolved. This i s shown i n figur e s 3a and 3b. These s p e c t r a were obtained with a high r e s o l u t i o n Fabry Perot interferometer. 
LKJ IHG
A Figure 2 -Ground s t a t e and f i r s t excited s t a t e of t h e Fba7 atom. The diagram shows the hyperf i n e s p l i t t i n g of the Dl and D2 l i n e s . The nllmbers i n c i r c l e s a r e the r e l a t i v e trans i t i o n p r o b a b i l i t i e s . Figure 3b -02 l i n e spectrum of ~b~~ and -87. f i g u r e 3a -DI l i n e spectrum of a 8 5 and me7.
The lamp temperature i s 9S°C. The lamp temperature i s 9S°C.
The emitted l i g h t i s allowed t o pass through t h e f i l t e r c e l l containing ~b~~ and a b u f f e r gas such a s argon. The spectrum of t h e ~b~~ atom i s very s i m i l a r t o t h a t of ~b~~ except f o r t h e hyperfine s p l i t t i n g of t h e ground s t a t e which i s 3.0 GHz. An i n d i c a t i o n of t h e p o s i t i o n of these l i n e s r e l a t i v e t o t h e RbS7 l i n e s i s b e s t observed with a n a t u r a l rubidium lamp. This i s shown i n f i g u r e s 4a and 4b f o r both Dl and D 2 l i n e s . I t i s observed t h a t one of t h e ~b~~ l i n e s i s almost coincident with one of the ~b~~ l i n e s f o r both cases of t h e Dl and D2 l i n e s . This property i s exploited f o r f i l t e r i n g t h e ~b~~ spectrum. The f i l t e r c e l l contains a b u f f e r gas which s h i f t s t h e ~b~~ spectrum s l i g h t l y towards t h e red and broadens t h e l i n e s C41. This increases t h e e f f i c i e n c y of t h e f i l t e r . A pressure of t h e order of 70 t o 90 t o r r of argon appears t o be optimum [5,61. The f i l t e r absorbs s e l e c t i v e l y l i n e s dc and ikg. However, s i n c e t h e absorption l i n e s a r e a l s o broadened by t h e buffer gas, l i n e s ef a n d ' jkR of ~b~~ a r e a l s o p a r t l y absorbed by t h e t a i l s of l i n e s EF and JKL of ~b~~. This has t h e e f f e c t of d i s t o r t i n g l i n e s ef and jkR with consequences t o be discussed below. 
~8 7 ) .

Rubidium
When t h e r e s u l t i n g l i g h t i s allowed t o f a l l on t h e absorption c e l l containing RbS7, only atoms i n t h e ground s t a t e , which a r e resonant with l i n e s ef and jkR a r e a f f e c t e d . A s seen i n f i g u r e 2, those atoms a r e excited t o t h e P s t a t e s . Then, through e i t h e r spontaneous emission or r e l a x a t i o n by c o l l i s i o n with b u f f e r gas atoms, they f a l l back t o t h e ground s t a t e . Since t h e process of e x c i t a t i o n i s continuously done from t h e lower ground l e v e l , t h e e f f e c t i s t o i n c r e a s e t h e population of t h e l e v e l F = 2 a t t h e expense of t h e population of l e v e l F = 1. The whole process is c a l l e d "opticaZ pumping" C71 and a population inversion r e s u l t s . By means of t h e pumping i t s e l f t h e c e l l becomes transparent t o t h e incident l i g h t . However, i f microwave t r a n s i t i o n s a r e excited between l e v e l s F = 2 and F = 1, t h e absorption c e l l becomes more opaque and t h i s e f f e c t is detected a t t h e photodetect o r . Thus, a minimum of l i g h t i n t e n s i t y i s observed a t t h e d e t e c t o r when t h e micrcwave r a d i a t i o n frequency i s coincident with t h e resonant frequency of t h e ground s t a t e of Rb8' given by: This resonance i s broadened by various mechanisms t o be discussed below. I n practic e t h e l i n e i s approximatly 500 Hz wide and has a Lorentz shape. This i s represented i n f i g u r e 5 which d e f i n e s a l s o various other symbols used i n t h e t e x t . The m inimum i n l i g h t transmission i s used a s t h e information on t h e coincidence of t h e incident microwave a t frequency vrf and t h e resonant frequency vo.
I n order t o achieve a p r a c t i c a l device, t h e i n t e r r o g a t i n g frequency a t vr-i s modulated a t low frequency and a t a depth smaller than t h e resonance l i n e width. The r e s u l t i n g a.c. s i g n a l i s detected with a phase s e n s i t i v e d e t e c t o r (Lock-In) whose output i s e s s e n t i a l l y t h e d e r i v a t i v e of t h e absprption l i n e . This s i g n a l , c a l l e d t h e discriminator p a t t e r n , i s then used t o lock the frequency of t h e interrogating microwave o s c i l l a t o r t o t h e ~b *~ absorption l i n e .
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The hyperfine f i l t e r shown i n f i g u r e 1 and discussed above is o p t i o n a l i n t h e sense t h a t i t can be placed p h y s i c a l l y i n s i d e t h e absorption c e l l . This l a s t technique i s c a l l e d t h e i n t e g r a t e d f i l t e r approach while t h e configuration described previously i s c a l l e d t h e separated f i l t e r approach. Both techniques a r e described below and t h e i r advantages and disadvantages a r e discussed i n d e t a i l . 
The above d i s c u s s i o n has put emphasis on t h e question of t h e d e t e c t a b l e s i g n a l . However, various other phenomena have important e f f e c t s on t h e a c t u a l frequency char a c t e r i s t i c s of t h e s i g n a l . For example, t h e resonance l i n e i s broadened by t h e int e r a c t i o n with t h e l i g h t and furthermore, i t s center i s displaced by an amount which i s proportional t o t h e l i g h t i n t e n s i t y . The operation of t h e system r e q u i r e s the presence of a small magnetic f i e l d t o give an a x i s of o r i e n t a t i o n t o t h e atomic en-
semble. F i n a l l y , i n order t o avoid Doppler broadening of t h e microwave t r a n s i t i o n and i n h i b i t r e l a x a t i o n on t h e w a l l of t h e absorption c e l l , a b u f f e r gas i s used which c r e a t e s s h i f t s and broadening of t h e resonance l i n e C81.
I s o t o p i c hyperfine f i l t e r i n g I n t h e case hyperfine f i l t e r i n g i s done o u t s i d e t h e absorption c e l l , i t i s standard p r a c t i c e t o use pure ~b *~ i n t h e lamp and i n t h e absorption c e l l and pure Rb8' i n t h e f i l t e r c e l l . This f i l t e r shapes t h e spectrum of t h e l i g h t incident on t h e absorption c e l l . This has t h e e f f e c t f i r s t of enhancing t h e resonance s i g n a l and secondly of c r e a t i n g a s h i f t of t h e c e n t e r frequency of t h e resonance l i n e . This l a s t e f f e c t i s c a l l e d t h e l i g h t s h i f t C91.
The spectrum of t h e Dl l i n e a t t h e output of t h e f i l t e r i s shown i n f i g u r e 6 a s a function of t h e f i l t e r temperature. The measurements were done with a lamp s l i g h t l y s e l f reversed; t h i s makes very evident t h e d i s t o r t i o n introduced by t h e f i l t e r absorption. Line "dc" i s highly d i s t o r t e d a t a l l f i l t e r temperatures. Furthermore, i t i s observed t h a t l i n e "fe" is a l s o absorbed a t high f i l t e r temperature.
The l i g h t s h i f t may be w r i t t e n :
where I.
i s t h e l i g h t i n t e n s i t y a t the entrance of t h e absorption c e l l and aI i s given by C101:
where va i s t h e l i n e c e n t e r frequency of a given c l a s s of atoms, vo is t h e l i n e c e n t e r frequency of t h e Doppler broadened l i n e , Ava i s t h e n a t u r a l l i n e width, Avo i s t h e Doppler width, oo i s t h e photon a b s o r p t i o n c r o s s s e c t i o n , and J ( v ) i s t h e s p e c t r a l d e n s i t y of t h e i n c i d e n t l i g h t normalized t o u n i t y .
The f i l t e r can be used t o make J ( v ) such, t h a t t h e i n t e g r a l vanish. However, s i n c e t h e o p t i c a l pumping i s done by means of both Dl and D 2 l i n e s , i t i s very d i f f i c u l t t o c a l c u l a t e t h e shape of J ( v ) . It i s thus common p r a c t i c e t o r e l y on experimental d a t a . I t i s t h e n p o s s i b l e t o f i n d a f i l t e r temperature to which makes A V~S independent of t h e l i g h t i n t e n s i t y 1,. I n such a c a s e , i t i s concluded t h a t t h e l i g h t s h i f t i s z e r o and t h a t a1 = 0. A t y p i c a l r e s u l t i s shown i n f i g u r e 7 where Id i s t h e c u r r e n t a t t h e photo d e t e c t o r developed by t h e i n c i d e n t l i g h t . It is observed t h a t f o r a f i l t e r temperature of t h e o r d e r of 65'~ t h e f r equency i s independent of t h e l i g h t i n t e n s i t y .
On t h e o t h e r hand, i f t h e frequency i s p l o t t e d a s a f u n c t i o n of f i l t e r temperat u r e a t c o n s t a n t i n p u t l i g h t i n t e n s i t y , a graph such a s t h e one shown i n f i g u r e 8 i s obtained. This behaviour can be explained i n t h e following manner. frequency vr a s a function o f the f i l t e r c e l l t e m p e r a t u r e , t~. The absorption c e l l temperature is 6SeC while t h e lamp temper a t u r e is 125'C. Vs is the s i g n a l m p l irude a t the peak o f the derivative. 
The l i g h t s h i f t i s c r e a t e d by a d i s t o r t i o n of
t h e pumping l i n e s . I f t h e f i l t e r temperature i s i n c r e a s e d above to t h e v a l u e of a 1 i n c r e a s e s i n a b s o l u t e value. However, h i g h e r f i l t e r temperatures cause a d e c r e a s e i n t h e i n t e g r a t e d i n t e n s i t y I. and a d e c r e a s e i n l i g h t s h i f t . Equation (1) f o r a c o n s t a n t f i l t e r temperature can be w r i t t e n :
We assume t h a t both a 1 and I, a r e l i n e a r f u n c t i o n s of t h e f i l t e r temperature:
where to i s t h e temperature f o r which A v Q s (~~) = 0, KF i s a c o n s t a n t g i v i n g t h e r e l a t i v e change i n t h e amplitude I.
w i t h t h e f i l t e r temperature.
The l i g h t s h i f t can t h u s be expressed a s :
where Bpo i s defined a s :
The dependence of AVQS upon t~ h a s a s l o p e g i v e n by:
At t~ = to, aFo i s t h e f i l t e r c e l l temperature c o e f f i c i e n t . I n p r a c t i c e i t i s negative. There i s a n extremum a t a temperature.
A t y p i c a l experimental r e s u l t i s shown i n f i g u r e 8. It i s observed t h a t to = 6 6 . 4 O C and t h a t tm4 = 90 'c. I f one wanted tm + to a r e l a t i v e l y l a r g e KF would b e r e q u i r e d . T h i s means t h a t t h e i n t e n s i t y of t h e whole spectrum must decreas e r a p i d l y w i t h i n c r e a s i n g temperature. I t would a l s o appear t h a t to could be var i e d by a proper shaping of t h e spectrum. Up t o now t h e s e a t t e m p t s have been unsucc e s s f u l l .
Consequently, i n t h e separated f i l t e r approach, i f t h e f i l t e r temperature i s s e t such t h a t a 1 = 0, one i s l e f t w i t h a r e s i d u a l temperature c o e f f i c i e n t of t h e o r d e r of a few p a r t s i n 1 0 l 0 . O n t h e o t h e r hand, i f t h e f i l t e r temperature i s s e t a t a v a l u e t h a t makes t h e f i l t e r temperature c o e f f i c i e n t e q u a l t o zero, then, t h e f r equency i s a s t r o n g f u n c t i o n of t h e l i g h t i n t e n s i t y , which i s n o t v e r y d e s i r a b l e . It i s p o s s i b l e t o overcome t h i s problem by reducing t h e l i g h t i n t e n s i t y . T h i s h a s t h e e f f e c t of reducing t h e f i l t e r temperature c o e f f i c i e n t a s shown by e q u a t i o n (7). However, t h e s i g n a l t o n o i s e r a t i o i s a l s o reduced and t h i s r e s u l t s i n a r e d u c t i o n of t h e s h o r t term frequency s t a b i l i t y . The f i l t e r temperature c o e f f i c i e n t remains thus a major problem i n t h i s approach.
I n p r a c t i c e , a b u f f e r g a s i s used i n t h e a b s o r p t i o n c e l l . This b u f f e r g a s causes a frequency s h i f t w i t h a n a s s o c i a t e d temperature c o e f f i c i e n t . It would t h u s appear p o s s i b l e t o a d j u s t t h i s c o e f f i c i e n t t o c a n c e l 1 t h e f i l t e r c e l l temperature coeff l c i e n t .
I n p r a c t i c e , t h i s can b e done b e s t by i n t e g r a t i n g t h e h y p e r f i n e f i l t e r i n t o t h e a b s o r p t i o n c e l l . A t y p i c a l r e s u l t obtained u s i n g t h i s approach i s shown i n f i g u r e 9 where t h e c e l l frequency i s p l o t t e d a s a f u n c t i o n of l i g h t i n t e n s i t y . The parameter i s t h e c e l l temperature. The c e l l contains 9.5 t o r r of nitrogen and n a t u r a l rubidium whose isotope r a t i o i s
The lamp contains 2 t o r r of krypton and rubidium with an i s o t o p i c r a t i o of 
l i g h t i n t e n s i t i e s indicated correspond t o fixed i n t e n s i t i e s s e t by neutral density f i l t e r s .
I t i s seen t h a t a zero l i g h t s h i f t e x i s t s i n t h a t case f o r a c e l l temperature of 75 OC.
A t a l i g h t i n t e n s i t y of 85% of t h e maximum a v a i l a b l e i n t h e present system, t h e frequency i s independent of t h e c e l l temperature. This i s w e l l i l l u s t r a t e d i n f i g u r e 10 where t h e frequency i s p l o t t e d a s a function of c e l l temperature f o r var i o u s l i g h t i n t e n s i t i e s . From these two graphs i t i s concluded t h a t t h e b u f f e r gas pressure, t h e l i g h t i n t e n s i t y and t h e temperature of operation a r e interdependent and cannot be chosen a r b i t r a r i l y i f zero l i g h t s h i f t and zero temperature c o e f f ic i e n t s a r e desired. I n p r a c t i c e , it i s a l s o found t h a t t h e frequency i s independent of t h e r . f . power l e v e l a t t h e lamp, f o r n e a r l y t h e same conditions a s those which make t h e f r equency independent of t h e l i g h t i n t e n s i t y . However, t h i s i s not t r u e of t h e lamp temperature. I n f a c t , i t is found t h a t a r e s i d u a l lamp temperature c o e f f i c i e n t of s e v e r a l p a r t s i n per OC remains when t h e c e l l temperature i s s e t a t a value such a s t o make t h e frequency independent of l i g h t i n t e n s i t y .
This i s g e n e r a l l y explained by t h e f a c t t h a t changes i n lamp temperatures cause changes i n r e l a t i v e int e n s i t i e s of t h e various pumping l i n e s .
From t h e above discussion, i t is thus observed t h a t both t h e separated and t h e i n t e g r a t e d f i l t e r approach show i n t e r e s t i n g c h a r a c t e r i s t i c s but a l s o show disadvantages. The main disadvantage of t h e separated hyperfine f i l t e r approach i s t h e f i lt e r temperature c o e f f i c i e n t . I n t h e i n t e g r a t e d f i l t e r approach one r e l i e s on t h e c a n c e l l a t i o n of s e v e r a l l a r g e e f f e c t s which a r e d i f f i c u
l t t o a d j u s t and t h e question remains a s t o t h e i r s t a b i l i t y with time.
Other o p t i c a l pumping techniques
Two o t h e r techniques of pumping have r e c e n t l y received some a t t e n t i o n .
) P u l s e
-------------pumping. This technique has been implemented r e c e n t l y i n a l a b o r a t o r y system C111. I n t h a t technique t h e o p t i c a l pumping i s done by means of p u l s e s while t h e i n t e r r o g a t i n g r e f . power i s a p p l i e d between t h e l i g h t p u l s e s . I n p r i n c i p l e , t h e r e should n o t b e any l i g h t s h i f t and t h e problem r e l a t e d t o t h e temperature coeff i c i e n t of t h e f i l t e r c e l l would be avoided. However, t h e r e could remain a pseudo l i g h t s h i f t C l l l and a dependence of t h e frequency on t h e i n t e r r o g a t i n g power a s w i l l be discussed below.
2) Laser pumping. With t h e advent of s o l i d s t a t e l a s e r s g i v i n g a n a p p r o p r i a t e wavelength it h a s been p o s s i b l e t o o p t i c a l l y pump rubidium. Experiments have been r e p o r t e d i n which a GaAs l a s e r was used i n s t e a d of t h e u s u a l rubidium lamp i n a pass i v e standard C121. The experiments, although preliminary, were most encouraging i n r e s p e c t t o s i g n a l amplitude. However, t h e output wavelenght of t h e s e l a s e r s i s v e r y s e n s i t i v e t o temperature.
Consequently, t h e a b s o r p t i o n c e l l frequency i s v e r y s e n s i t i v e t o temperature of t h e l a s e r through t h e l i g h t s h i f t , and extreme temperat u r e r e g u l a t i o n of t h e l a s e r i s required.
One approach which appears extremely a t t r a c t i v e i s t h a t i n which t h e o p t i c a l pumping i s done w i t h a l a s e r by means of p u l s e s . One would then g a i n i n l i g h t i n t e n s i t y , i n s i g n a l amplitude and i n s i m p l i c i t y of operation. Furthermore, t h e r e would b e no l i g h t s h i f t and no power s h i f t .
Buffer gas v s w a l l c o a t i n g I n o r d e r t o reduce Doppler broadening of t h e microwave resonance i t is standard p r a c t i c e t o f i l l t h e a b s o r p t i o n
c e l l w i t h a n i n e r t gas. The gas must not r e a c t chem i c a l l y with rubidium. Such gases a s , n i t r o g e n , methane and t h e noble gases a r e v e r y s a t i s f a c t o r y i n t h a t r e s p e c t . Unfortunatly, they c r e a t e a frequency s h i f t and a broadening of t h e resonance l i n e . Furthermore, t h e frequency s h i f t i s temperature dependent. However, t h e s e s h i f t and temperature c o e f f i c i e n t can be c o n t r o l l e d by using mixtures of b u f f e r gases a t v a r i o u s p r e s s u r e s . A f a i r amount of s t u d i e s has been done i n t h i s f i e l d [13, 14] and r e c e n t s t u d i e s have given some new i n s i g h t s on t h e s u b j e c t , s p e c i a l l y i n r e l a t i o n t o t h e non l i n e a r dependence of t h e frequency on t h e temperature of t h e b u f f e r gas.
For a s e a l e d c e l l , an expression which d e s c r i b e s w e l l t h e experimental behaviour of t h e frequency i s : where P i s t h e p r e s s u r e of t h e b u f f e r gas i n t h e c e l l upon s e a l i n g , fioT i s t h e pressurercoeff i c i e n t i n Hz per t o r r , SOL. i s t h e temperature c o e f f i c i e n t I n Hz p e r t o r r per K, ' T, i s t h e temperature of r e f e r e n c e i n K and AT i s a temperature d i f f e r e n c e r e f e r r e d t o To. I n p r a c t i c e , w i t h pure b u f f e r gases, t h e q u a d r a t i c term i s not observed and t h e b u f f e r g a s can be c h a r a c t e r i z e d by t h e l i n e a r c o e f f i c i e n t s alone. The v a l u e s of 6 'and 6 f o r t h r e e connnonly used b u f f e r gases a r e given i n Table I C141.   Table I These c o e f f i c i e n t s a r e l a r g e enough t o cause problems i n p r a c t i c a l devices. For example, a c e l l containing n i t r o g e n a t a p r e s s u r e of 10 t o r r w i l l have a temperature c o e f f i c i e n t of 5.4 HZ/OC and excessive temperature r e g u l a t i o n would b e r e q u i r e d t o achieve f r a c t i o n a l frequency s t a b i l i t i e s of t h e order of 10-13.
I n p r a c t i c e , two s o l u t i o n s can be used t o reduce t h e a b s o r p t i o n c e l l temperature c o e f f i c i e n t s . I n t h e separated f i l t e r c e l l approach, a mixture of b u f f e r gases with o p p o s i t e temperature c o e f f i c i e n t s can b e used. I n t h e c a s e of a mixture of argon and n i t r ogen, a p r e s s u r e r a t i o of would g i v e a z e r o temperature c o e f f i c i e n t a t 60 OC.
However, due t o t h e q u a d r a t i c n a t u r e of equation ( l o ) , t h e behaviour of t h e b u f f e r g a s s h i f t a t o t h e r temperatures w i l l b e given by:
A t y p i c a l r e s u l t making e x p l i c i t t h e q u a d r a t i c dependence of t h e resonance frequency on t h e c e l l temperature i s shown i n f i g u r e 11. I n t h a t case, a mixture of A r and N2 i n t h e r a t i o r = 0.731 was used. The p r e s s u r e i n t h e c e l l was 25.36 t o r r . A c a l c u l a t i o n made w i t h equation (10) The d a t a of f i g u r e 11 g i v e s a s l op e a t 60 OC, of 0.96 CHZ/OCI and a maximum a t 74 OC.
The discrepancy i s believed t o be due t o t h e u n c e r t a i n t i e s i n t h e parameters of t a b l e I and i n u n c e r t a i n t i e s i n t h e p r e s s u r e upon s e a l i n g of t h e c e l l . The t o t a l u f f e r gas s h i f t a t 60 O C was measured On t h e o t h e r hand, when a b u f f e r gas i s used t h e rubidium atoms a r e more o r l e s s f i x e d i n space during t h e time of i n t e r a c t i o n w i t h t h e r . f . f i e l d . This e f f e c t may cause inhomogeneous broadening of t h e resonance l i n e i f f o r example a non-homogeneous p e r t u r b a t i o n i s p r e s e n t . The l i g h t s h i f t i s such a p e r t u r b a t i o n s i n c e i t i s n o t i n g e n e r a l c o n s t a n t throughout t h e c e l l . T h i s e f f e c t may cause t h e so-called power s h i f t . This e f f e c t may a l s o be p r e s e n t i n t h e c a s e of p u l s e pumping i f t h e d i f f u s i o n r a t e of rubidium atoms i s n o t l a r g e enough t o remove s p a t i a l inhomogeneity i n t h e absorption c e l l . Attempts have been made a t avoiding t h i s e f f e c t by removing t h e b u f f e r gas and l e t t i n g t h e atoms average out t h e inhomogeneity. Such an approach r e q u i r e s t h e use of w a l l coating. Experimental r e s u l t s have been reported and no power s h i f t was observed C31.
However, t h e w a l l coating produces a non n e g l i g i b l e frequency s h i f t i n t h e resonance. This frequency s h i f t , furthermore, i s temperature s e n s i t i v e . This i s i l l u st r a t e d i n f i g u r e 1 2 . I t should be pointed out t h a t t h e temperature c o e f f i c i e n t of t h e f i l t e r c e l l i s s t i l l present i n such an approach. However, due t o t h e p o s i t i v e temperature c o e f f ic i e n t of t h e w a l l s h i f t i t would b e possible, i n p r i n c i p l e , t o use t h e i n t e g r a t e d f i l t e r approach and t o o b t a i n a system with a zero temperature c o e f f i c i e n t , a zero l i g h t s h i f t and a zero power s h i f t . where Q t i s t h e l i n e q u a l i t y f a c t o r measured with a l l broadening mechanisms~resent, SIN i s t h e s i g n a l t o n o i s e r a t i o i n a one Hertz bandwidth and T i s t h e measurement time. Low index of modulation i s assumed.
The l i n e Q i s a function of t h e width of t h e resonance l i n e . I n normal operat i n g conditions i t i s of t h e order of lo7. The s i g n a l t o noise r a t i o is e s s e n t i a l l y determined by t h e slope of t h e discriminator p a t t e r n a s shown i n f i g u r e 5 and by t h e s h o t n o i s e produced a t t h e d e t e c t o r by t h e incident l i g h t . I n general, t h e s i g n a l t o n o i s e r a t i o i n c r e a s e s with l i g h t i n t e n s i t y up t o a p o i n t where l i g h t broadening of t h e resonance l i n e becomes important.
I n t h a t c a s e , t h e l i n e Q i s a l s o affected. I n p r a c t i c e , i t is p o s s i b l e t o o b t a i n a S/N of t h e order of 75 dB. This gives a s h o r t term s t a b i l i t y This i s e s s e n t i a l l y what i s observed i n p r a c t i c a l devices.
I n p r a c t i c e , f o r averaging times longer than about 100 seconds i t i s found t h a t u2 (,) becomes independent of T . This i s c h a r a c t e r i s t i c of t h e presence of f l i cker frequency n o i s e and i t s o r i g i n i s not well understood yet. I n t h a t region one has (TI = 4 x 10-13 9 (14) corresponding t o I n t h e other hand, t h e long term frequency s t a b i l i t y of t h a t type of frequency standard depends on t h e s t a b i l i t y of a l l t h e b i a s e s examined above. It i s q u i t e c l e a r t h a t s i n c e t h e frequency i s a function of many parameters, some of them being r a t h e r important, one cannot expect from p r a c t i c a l u n i t s , t h e s t a b i l i t y achieved i n hydrogen masers o r cesium beam frequency standards where t h e frequency i s a weak function of only a few parameters.
Furthermore, i t i s found i n p r a c t i c e t h a t t h e frequency i s a l s o a function of the h i s t o r y of t h e absorption c e l l . For example, thorough outgasing of t h e absorpt i o n c e l l during f a b r i c a t i o n i s of extreme importance, otherwise a d r i f t of many Hertz is observed a t t h e e a r l y s t a g e of operation. The processes involved a r e not well known although i t i s believed t h a t a r e a c t i o n of rubidium with i m p u r i t i e s on t h e wall of t h e c e l l , giving small q u a n t i t i e s of gas, could be responsible f o r t h e observed d r i f t .
I n p r a c t i c e , i t has been found very d i f f i c u l t t o achieve f r a c t i o n a l frequency s t a b i l i t i e s b e t t e r than 10-'I per month. It i s only through proper s e l e c t i o n of u n i t s t h a t b e t t e r s t a b i l i t i e s a r e r e a l i z e d .
Conclusion
I n t h i s paper, we have examined t h e techniques of separated and i n t e g r a t e d hyp e r f i n e f i l t e r i n g . Both methods appear t o have advantages a s w e l l a s disadvantages. The separated hyperfine f i l t e r approach, however, appears t o give more freedom i n t h e s e t t i n g s of various parameters. On t h e o t h e r hand, t h e technique of pulse pumping coupled with the use of a diode l a s e r a s t h e l i g h t source o f f e r s a very i n t er e s t i n g a l t e r n a t i v e .
Relative t o s h o r t term s t a b i l i t y it appears d i f f i c u l t t o do much b e t t e r with
t h e present approaches. A few d e c i b e l s could be gained i n S / N r a t i o but t h i s could probably be done only a t t h e expense of a l o s s i n l i n e Q o r an i n c r e a s e i n t h e various temperature c o e f f i c i e n t s discussed above. A l o g i c a l choice of compromises has t o be made i n r e l a t i o n t o t h e p a r t i c u l a r a p p l i c a t i o n a t end. . F o r averaging times l a r g e r than 100 seconds, it appears t h a t f l u c t u a t i o n s of t h e v a r i o u s parameters examined above s t a r t t o influence t h e frequency standard s t a b i l i t y . It i s only through a very c a r e f u l 1 design of t h e o p t i c a l package and of t h e e l e c t r o n i c system t h a t an improvement i n s t a b i l i t y can be expected. F i n a l l y , the exact cause of long term d r i f t i s y e t t o be known. Although b e t t e r outgasing of t h e absorption c e l l produces l e s s d r i f t , o t h e r causes of e l e c t r o n i c o r i g i n s cannot be e n t i r e l y neglected. New approaches using wall coated c e l l s without b u f f e r gases appear t o be very promissing C21.
